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FRAMEWORK: GEOLOGICAL DISPOSAL OF NUCLEAR WASTE
Waste canisters Engineered barrier
Concrete plug • Swelling capacity
• Low permeability
• Retention capacity
Bentonite-based materials are 
proposed as sealing/backfilling 
material in underground 
repositories (engineered barrier)
THE HE-E EXPERIMENT
• Located at the Mont Terri URL (Switzerland) in a 50-m long non-lined horizontal 
microtunnel of 1.3 m diameter excavated in 1999 in the shaly facies of the 
Opalinus Clay. Characterised during the Ventilation Experiment 
• 1:2 scale heating experiment considering natural resaturation of the EBS
• Heaters supported by MX80 bentonite blocks (ρd=1.81 g/cm3, w=10.3%)
• Granular material filling the rest of the gallery
THE HE-E EXPERIMENT
Two symmetrical sections, with different sealing materials
•MX-80 bentonite pellets (B) (ρd=1.46 g/cm3, w=5.9%)
•65/35 sand/bentonite mixture (S/B) (ρd=1.5 g/cm3, w=4%)
Maximum heater surface temperature of 
140°C, increased almost linearly to its 
maximum value in a period of 1 year
Natural hydration
AIMS
• Reproduce in the laboratory the conditions of the granular 
material of the HE-E in situ test to provide support for its 
modelling
• Check the thermo-hydro-mechanical behaviour of the HE-E 
materials at T>100°C
• Compare the THM behaviour of two different sealing 
materials
MATERIALS
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MX-80 BENTONITE PELLETS
Specific heat capacity: 0.64 J/g·K (at 22°C) - 0.97 J/g·K (at 115°C)
Thermal conductivity: 0.12 W/m·K
Grain density: 2.75 g/cm3
BET as= 33 m2/g
SAND/BENTONITE
MIXTURE
Grain density: 2.71 g/cm3
BET as= 5 m2/g
Thermal conductivity: 0.33 W/m·K
Specific heat capacity: 0.74 J/g·K (at 22°C) - 0.90 J/g·K (at 115°C) Dry sieving
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MACROPOROSITY MESO
PORE SIZE 
DISTRIBUTION BY MIP
Cl- SO42- HCO3- Mg2+ Ca2+ Na+ K+ Sr+ pH
10636 1354 26 413 1034  5550 63 47 7.6
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Final dry density (g/cm3)
MX-80, deionised water
S/B mixture, deionised water
S/B mixture, Pearson water
ln Ps = 5.44 ρd – 6.94
SWELLING PRESSURE TEST IN 
STANDARD OEDOMETERS 
(SMALL SAMPLES)
kw MX-80 (1.5 g/cm3) = 4·10-13 m/s
kw S/B (1.4 g/cm3) = 2·10-10 m/s
Pearson water composition (mg/L)
THM TESTS  IN CELLS
THM TESTS  IN CELLS
TESTS CHARACTERISTICS
Material: HE-E sand/bentonite (65/35) 
mixture, MX-80 pellets
Height of column: 50 cm
Initial dry density and water content: 1.46 
g/cm3 and 3.6%, 1.52 g/cm3 and 6.4%
Heater T bottom: 100°C – 140°C
Upper T: room
Hydration: Pearson water, 0.06 bar
Data provided: online measurements of 
RH, T, water intake, heater power, axial 
pressure
MX-80 pellets
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ONLINE RESULTS: HEATING PHASE
Quick thermal steady state
Low temperatures in the
material due to its low thermal
conductivity and heat losses
16
21
26
31
36
41
46
51
56
0 1000 20 00 3000 40 00
T im e (h)
T
e
m
p
e
r
a
t
u
r
e
 
 
(
°
C
)
T 1 T 2
T 3 lab
100°C 140°C
S/B mixture
S/B mixture
ONLINE RESULTS: HEATING PHASE 
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100° C 140° C MX-80 pellets
Quick movement of the
vapour phase towards cooler
areas
Much longer time for
hydraulic steady state
Heating phase: steady values
Higher T and heater power in B pellets cell:
• Steel reinforcement
• Better thermal contact with heater
ONLINE RESULTS
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For ρd ≈ 1.5 g/cm3
Faster vapour movement in cell S/B:
• Higher gas permeability
• Lower retention capacity
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MX-80 pellets: heating + hydration phase
ONLINE RESULTS
w=18.8%, 
Sr=65%
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ONLINE RESULTS
MX-80 pellets: heating + hydration phase
Sr=65%
Isothermal, deionised water, 10 cm high
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Sand/bentonite mixture: heating + 
hydration phase
ONLINE RESULTS
Sand/bentonite mixture: heating + hydration phase
ONLINE RESULTS
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Average T, but they tend to decrease
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DISMANTLING CELL SAND/BENTONITE
DISMANTLING CELL SAND/BENTONITE
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Actual water intake: 676 g
Online measurement: 887 g
Final w = 28.2%
Dry density = 1.46 g/cm3
Average w = 28.3%, ρd = 1.44 g/cm3, Sr = 93%
POSTMORTEM RESULTS CELL SAND/BENTONITE
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POSTMORTEM RESULTS CELL SAND/BENTONITE
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Sample Macropores (>50 nm), %
Mode 
macropores, 
µm
Mesopores
(50-7 nm), %
Mode 
mesopores, 
nm
Micropores 
(<7 nm), %
Original 92 204 8 19
Sections 1-23a 83±6 58±21 5±1 16±4 12±7
Section 24b 53 110 8 18 39
POSTMORTEM RESULTS CELL SAND/BENTONITE
Ca-Na sulphates
NaCl
Close to heater
SEM OBSERVATIONS
CONCLUSIONS
 Low thermal conductivity of the dry materials and heat losses: steep 
thermal gradient and lower temperatures than in in situ test
 The different gas and water permeabilities of both materials implied:
• Different pace and extent of water redistribution in the vapour 
phase: different relative humidity gradient at the end of the heating 
phase
• Faster hydration and quicker dissipation of the water content 
gradient for test with S/B mixture
CONCLUSIONS
CELL B
• During heating phase, axial pressure was related to temperature, 
afterwards to hydration state
• Probably non-monotonic development of swelling pressure in pellets
CELL S/B
• The arrival of the water front implied a sudden increase in temperature 
for S/B mixture, and an overall soft decrease of T after saturation
• The S/B 50-cm long column was completely saturated after 2.8 years of 
hydration
• Water content, dry density, degree of saturation and pore size 
distribution were homogeneous along the S/B column, except in the 2 
cm closest to the heater
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